organism. From birth to adulthood and senescence, the increase in myocardial mass was assumed to be dictated by a parallel increase in volume of cardiomyocytes, and the changes in cell size were considered equivalent to the changes in heart weight. In the absence of cardiac diseases, the number of myocytes was thought to remain constant throughout life. The approximately 250-to 300-g human heart was expected to contain the same number of cardiomyocytes present in the hypertrophied heart, weighing 1000 g or more. Myocyte enlargement was regarded as the exclusive mechanism available to the heart to increase its muscle mass. Myocytes may quadruple their volume and by turnover of their cytoplasmic proteins and mitochondrial organelles modulate their age and mechanical behavior. Cardiomyocytes were deemed to live and function for nearly 100 years or longer. Although unstated, the inevitable implication was that cardiomyocytes were judged to be immortal and to be killed only by pathological processes occurring during the course of an individual's lifespan. This notion of cardiac biology has conditioned basic and clinical research in cardiology for several decades.
In an attempt to define the progressive nature of cardiac hypertrophy in response to pressure or volume overload, the evolution of the abnormal state has been divided in two phases characterized, initially, by relatively normal ventricular performance and cardiac anatomy and, subsequently, by ventricular dysfunction and chamber dilation. 1 The capacity of the heart to expand its mass and adapt to an added mechanical stress has been termed physiological hypertrophy to contrast with pathological hypertrophy, which has been claimed to reflect the inability of the heart to sustain chronically the increase in workload on the myocardium. 2 A myriad of signaling pathways have been identified to target the genes implicated in the initiation of myocyte growth, its stabilization, and the transition from compensated to decompensated cardiac hypertrophy. 3 Similarly, the regulation of calcium handling, sarcoplasmic reticulum function, and mitochondrial energy metabolism has been characterized extensively. 4 This work, spanning a period of more than 30 years, has dramatically advanced our understanding of the molecular basis of myocyte hypertrophy, but has left unanswered the question concerning the etiology of heart failure. A remarkable amount of biology has been learned, but the clinical translation of this knowledge has been modest.
Simple Basis of a Complex Problem
The adaptation of the heart to increased workloads deteriorates with time, suggesting that restrictions in myocyte growth are critical determinants of the initiation of ventricular dysfunction. Myocytes progressively increase in size and reach a limit beyond which no further hypertrophy can occur. The lack of a time-dependent increase in muscle mass chronically interferes with the ability of the heart to counteract hemodynamic overload, so that cardiac failure supervenes. Additionally, cellular hypertrophy results in perturbations in calcium homeostasis and ionic currents, which, in combination with alterations in contractile proteins and myocyte mechanics, become significant determinants of ventricular decompensation. 4, 5 Neurohumoral activation, a shift toward glycolytic metabolism, defects in vascular supply, remodeling of the extracellular matrix, and ␤-adrenergic activation all conspire to worsen the cardiac disease. But the question whether these are primary or secondary events and whether the variety of factors that control myocyte hypertrophy and its mechanical behavior should continue to constitute the focus of our effort in the search for the "fuzzy logic" of physiological versus pathological hypertrophy 6 remain unanswered.
The premise is that the dynamics of the human heart is dictated by the restricted (proliferative) plasticity of its cardiomyocytes, so that differences in myocyte size should reflect comparable differences in the size of the organ. However, this is not the case. Two examples are given to document the lack of correspondence between heart weight and cardiomyocyte volume. The first is the heart of a woman who died of pneumonia at 99 years of age, and the second is the heart of a man who died of acromegalic cardiomyopathy at 65 years of age ( Figure 1A ). Heart weight in acromegaly, 800 g, was nearly six-fold larger than that of the senescent heart, 140 g; however, myocyte volume was similar in the two hearts, approximately 30 000 m 3 ( Figure 1B ). These observations point to a number of inconsistencies in the traditional view of myocyte proliferative capacity and adaptive myocardial plasticity. Normally, heart weight 7 in women 90 to 100 years of age is approximately 160 g, and myocyte cell volume is approximately 19 000 m 3 . Therefore, the myocardial mass in this old woman was composed of 44% fewer cardiomyocytes, which were 58% larger. Normally, heart weight in men at 65 years of age is approximately 220 g, and myocyte volume is approximately 28 000 m 3 . Therefore, the myocardial mass in this acromegalic man was composed of 240% more myocytes, which were comparable in volume ( Figure 1C ). These two deviations from conventional wisdom of organ and parenchymal cell plasticity emphasize two critical cellular processes of cardiac homeostasis and pathology: myocyte death and myocyte regeneration.
Non-standard Abbreviations and Acronyms
Myocyte death is detected in chronic cardiac hypertrophy, together with an increase in volume and number of cardiomyocytes. Myocyte formation, hypertrophy, and death occur in humans with systemic hypertension, aortic stenosis, or after acute and chronic myocardial infarction. 8 Myocyte growth in its two aspects, hypertrophy ( Figure 1B ) and proliferation ( Figure 1D ), and myocyte death in its two forms, apoptosis and necrosis ( Figure 1E ), condition the balance between pathological overloads and the adaptive response of the human heart, structurally and functionally.
Physiological Hypertrophy
Postnatal cardiac development, endurance exercise training, and pregnancy are frequently used as typical examples of physiological cardiac hypertrophy. 2, 6 The rapid expansion in myocardial mass after birth in mammals involves both an increase in size and number of cardiomyocytes, but the growth of the coronary vasculature markedly exceeds the growth of the myocyte compartment. 1, 9 In the human heart, there is nearly one capillary for every six myocytes in the newborn, whereas a value of approximately one capillary per one myocyte is present in the adult.
It is difficult to compare the dramatic increase in heart weight that occurs postnatally with the relatively modest degree of cardiac hypertrophy promoted by dynamic exercise. Additionally, there is little information concerning the cellular basis of exercise-induced and pregnancyinduced myocardial hypertrophy. Similarly, the mechanisms implicated in the regression of cardiac hypertrophy with loss of physical conditioning, or after delivery, have not been determined. Whether new myocytes are formed with endurance exercise and pregnancy and whether myocyte loss, myocyte atrophy, or both, contribute to the restoration of myocardial mass with cessation of exercise and pregnancy are unknown. Available information precludes a correct definition of physiological hypertrophy; in fact, it questions its appropriateness.
Thus far, the only conclusion that can be reached is that preservation of myocardial structure characterizes postnatal development, moderate endurance training, pregnancy, and the early phases of increased pressure and volume loading on the adult heart. This balanced "physiological" response, however, is temporary, and aging, strenuous exercise, and sustained workload lead to the structural and functional manifestations of "pathological" hypertrophy, pointing to time as the critical determinant of the transition from physiological to pathological cardiac hypertrophy.
Pathological Hypertrophy
Recently, numerous studies and reviews have summarized the current understanding of the biochemical and molecular basis of cardiac hypertrophy. By using genetically modified animal models, a variety of intermediate signal-transduction pathways involved in myocardial growth have been characterized. 2, 3, 6, 10 This impressive body of work has advanced recognition of the control mechanisms of myocyte hypertrophy. The reason why the hypertrophied heart ultimately fails, however, has remained obscure. Complexity has been added to complexity, but difficulty has been found in the identification of a molecular correlate that defines decompensated cardiac hypertrophy.
The expression of the fetal genes ␣-skeletal actin and ␤-myosin heavy chain, which are normally present in embryonic development, has been viewed as the hallmark of pathological hypertrophy. 11 However, the expression of the fetal gene program with hemodynamic overload may reflect the commitment of newly formed myocytes ( Figure 1F ), rather than the dedifferentiation of terminally differentiated postmitotic myocytes, which acquire an unwanted mechanically inefficient cell phenotype.
Ventricular dilation and relative wall thinning are the fundamental structural aspects of heart failure; 12 these two simple easily measurable anatomic parameters provide an accurate assessment of the degree of ventricular dysfunction. 13 The recognition that cardiac architecture defines ventricular performance remains vital in the definition and characterization of myocardial disease. 14 Therefore, the etiology of heart failure may be more accurately determined if the cellular basis of cavitary dilation and wall thinning are defined in terms of the cellular processes that modulate the plasticity of the adult human heart: myocyte hypertrophy, regeneration, and death. Ventricular function is dictated by the hemodynamic load, the myocardial mass, and cardiac anatomy. These variables are embodied in the Laplace equation in which wall stress () is the product of ventricular pressure (p) and chamber radius (r) divided by wall thickness (h): ϭ(pϫr)/2 hours. The gross morphological indices of ventricular dimensions, wall thickness, and chamber diameter are the expression of a combination of parameters that include: (1) number of myocytes across the wall; (2) average myocyte cross-sectional diameter and length; and (3) volume composition of the myocardium (Figure 2A ). For example, chamber dilation and wall thinning occur by side-to-side slippage of myocytes, which leads to a reduction in the mural number of cells without altering the proportion between the myocyte compartment and the vascular framework. This phenomenon is promoted by apoptotic myocyte death and characteristically occurs in acute situations associated with ischemic myocardial injury in which increases in chamber dimension are required to maintain stroke volume; however, diastolic wall stress and systolic wall stress are significantly increased ( Figure 2B ).
Conversely, early in aortic insufficiency, myocyte hypertrophy, mediated by cell lengthening and moderate increase in cell diameter, leads to a larger cavitary volume and a modest increase in wall thickness, preserving the wall thickness-to-chamber radius ratio and the magnitude of ventricular loading. Before ventricular dysfunction supervenes, aortic or pulmonary stenosis is characterized by a marked increase in wall thickness induced first by an increase in myocyte diameter and, subsequently, by a parallel increase in the number of myocytes across the ventricular wall ( Figure  2C ). Myocyte regeneration provides a transient compensatory reaction that attenuates the magnitude of systolic and diastolic cell stress maintaining cardiac function. With time, cell loss, myocardial scarring, disproportionate myocyte lengthening, and deficient regeneration of myocytes all participate in chamber dilation and wall thinning; these factors result in a progressive increase in systolic and diastolic cell stress, ultimately leading to ventricular failure. 15, 16 The changes in cell shape are highly specific and reflect the characteristics of the prevailing load. However, why an increase in volume load results in the series addition of sarcomeres, and an increase in pressure load results in the parallel addition of sarcomeres, and increases in pressure and volume load result in both patterns of myocyte hypertrophy ( Figure 2D ) remain to be resolved. Even more complex is the recognition of the mechanisms involved in the initiation of myocyte formation and the integration of these newly generated cells in parallel or in series within the existing myocardium ( Figure 2E ). Taken together, these events constitute the cellular processes that define ventricular remodeling. [12] [13] [14] 
Growth Reserve of the Heart
At all ages, the heart contains a pool of replicating myocytes that express the cell cycle proteins CDC6, Ki67, MCM5, phospho-H3, or aurora B kinase ( Figure 3A ). The number of forming myocytes is increased in pathological states, 8 imposing a critical evaluation of the regenerative capacity of the human heart as a function of age, physiologically, and with chronic heart failure (CHF). The presence of small replicating myocytes raises the question whether these cells reflect transit amplifying cells generated by commitment of stem cells, or whether they constitute a pool of cells that retain the ability to reenter the cell cycle and divide. Apparently, myocytes possess a certain degree of developmental plasticity and are able to dedifferentiate and acquire a proliferative state. [17] [18] [19] [20] The discovery that c-kit-positive cardiac stem cells (CSCs) live in the heart and differentiate into the various cardiac cell lineages has changed profoundly our understanding of myo-cardial biology. [21] [22] [23] [24] [25] [26] These findings have provided the missing link between the identification of small dividing myocytes and the origin of these repopulating cells, laying the ground work for introducing c-kit-positive CSCs in the treatment of the failing heart. Preclinical studies have been completed and phase 1 clinical trials are in progress (NCT00474461 and NCT00893360). The attempts made to reactivate the cell cycle in postmitotic myocytes generally have been unsuccessful, resulting, at best, in abortive mitosis and cell death. 27 The interpretation of findings suggesting that cell division can be induced in mature myocytes by forced expression of cyclin D2 17 has been problematic. Adult myocytes in animals and humans measure approximately 20 000 to 25 000 m 3 ; if these cells were to reenter the cell cycle and divide, then they would need to achieve a volume in mitosis of approximately 40 000 to 50 000 m 3 before daughter cells are formed. The examples of cycling myocytes given do not reflect these inevitable conditions dictated by the biology of the cell cycle. Replicating myocytes are small and predominantly mononucleated, suggesting alternative mechanisms of cell growth. Most likely, this strategy increases the pool of amplifying myocytes derived from activation and lineage specification of CSCs rather than promoting cell cycle reentry in postmitotic myocytes. Similar considerations apply to the analysis of myocyte regeneration mediated by periostin, neuregulin 1, or p38 MAP kinase inhibition. 18 -20 
Controversy on Myocyte Renewal
The acceptance of the shift in paradigm of myocardial biology promoted by the discovery of c-kit-positive CSCs has been problematic. The initial enthusiasm triggered by the identification of endogenous CSCs was followed by a wave of skepticism. This position led to studies 28 and accompanying editorials that questioned or neglected CSC function, emphasizing the limited nature of myocyte renewal in the human heart. 29, 30 Myocyte apoptosis occurs in the normal human heart ( Figure 3B ), and it increases with CHF. 31, 32 Moreover, myocyte necrosis, documented directly by alterations in the cell membrane ( Figure 3C ) or indirectly by plasma levels of troponin T ( Figure 3D ), takes place in patients with stable coronary artery disease. 33 This biomarker represents an independent prognostic indicator of the incidence of cardiovascular events and CHF, suggesting that ongoing myocyte death accompanies the natural evolution of the disease, and its magnitude has consequences for clinical outcome. Myocyte death has to be accompanied by myocyte regeneration for the heart to continue to exist. 34 The simple concept that an equilibrium is necessary between myocyte death and renewal (cardiac cellular homeostasis) has not been taken into proper account. 28, 35 The criticisms of studies supporting the view of high levels of myocyte formation in humans 36, 37 and the support of opposing views 38, 39 neglected the principle that new cells are required to offset the cumulative effect of myocyte death. Similarly, evidence for the potential contribution of hematopoietic stem cells to cardiomyogenesis 40 -42 was dismissed, 38, [43] [44] [45] [46] including new data on hematopoietic stem cell differentiation ( Figure 3E , 3F). 45 The initial phase of skepticism on the function of CSCs was followed by a second wave of criticisms, questioning the actual existence of c-kit-positive CSCs; 43, 47, 48 if present, they could have, at most, a negligible or modest effect, according to this view. For this reason, the use of cell therapy in patients with CHF was considered premature and potentially danger-ous, until lineage tracing studies in mice were performed and the identification of "authentic" CSCs in small animals was definitively proven. 38, 39, 49 However, in view of the devastating consequences of CHF and the limitations in therapeutic options, most investigators agree that mouse data cannot guide human studies, and clinical trials of cell therapy are in order. 50, 51 Yet another challenge to this paradigm was the "discovery" of another class of cells, the ISL1-positive cardiac progenitor, which was claimed to be the master human heart stem cell, critically important for the understanding and treatment of heart disease in children and adults. 52 ISL1-positive cells lacked the fundamental properties of stem cells in vitro and the experiments necessary to demonstrate their self-renewing properties and multipotentiality in vivo were not performed. Several other cardiac progenitors were also identified, raising the inevitable question of the relevance of these categories of resident primitive cells.
Cardiac Stem Cells
Several laboratories concur that the heart contains a compartment of primitive cells with the characteristics of stem cells; however, the identification of the actual CSC, equivalent to the hematopoietic stem cell in the bone marrow, has been controversial. Stem cells are relatively rare. In humans there is one hematopoietic stem cell for every approximately 10 000 to 100 000 cells in the bone marrow, 53 and one c-kit-positive CSC for every approximately 30,000 cells (myocytes and nonmyocytes) in the heart. This frequency of CSCs is constant in small and large animals including humans. [21] [22] [23] 26 CSCs are stored in niches ( Figure 4A ), and the niches control the physiological turnover of cardiac cells and the growth, migration, and commitment of CSCs that leave the niches to replace dying cells within the myocardium throughout life. 25, 26 Regeneration conforms to a hierarchical archetype in which slowly dividing stem cells give rise to proliferating, lineage-restricted progenitor-precursor cells, which then become highly dividing amplifying cells, and eventually reach terminal differentiation and growth arrest. This forms the foundation of a new paradigm of the heart in which multipotent CSCs are implicated in the constant renewal of myocytes, endothelial cells (ECs), smooth muscle cells (SMCs), and fibroblasts. [21] [22] [23] [24] [25] After the discovery of c-kit-positive CSCs, ISL1 progenitors, epicardial progenitors, side population progenitors, Sca1 progenitors, and progenitors generating cardiospheres were described and considered to represent distinct CSC classes. This unusual number of CSC categories stands in stark contrast with the properties of all self-renewing organs in which a single tissuespecific adult stem cell has been found.
The fundamental properties of stem cells are self-renewal, clonogenicity, and multipotentiality in vitro and in vivo. Typically, stem cells are stored in niches where they are structurally connected to the supporting cells by gap and adherens junctions. The niche constitutes the microenvironment within which stem cells retain their undifferentiated state and receive growth signals from the supporting cells. After growth activation, stem cells divide symmetrically or asymmetrically, generating new stem cells and cells destined to acquire specialized functions.
The first documentation of resident c-kit-positive CSCs, obtained in rodents 8 years ago, 21 followed the classic principle required for the recognition of stem cells: c-kit-positive CSCs are lineage-negative clonogenic cells that divide symmetrically and asymmetrically in vitro and differentiate into myocytes, vascular SMCs, and ECs. In vivo, CSCs regenerate cardiomyocytes and coronary vessels partly restoring the structure of the infarcted myocardium. Newly formed cardiomyocytes possess the mechanical and electric properties of functionally competent cells, improving the ventricular performance of the damaged heart ( Figure 4B-4E) .
The ISL1 transcription factor is associated with the commitment to the myocyte lineage of cardiac cells that have lost their undifferentiated stem cell fate. ISL1 and GATA4 are transcriptional coactivators of the myocyte transcription factor MEF2C. 54 The cardiomyocyte specification dictated by the expression of ISL1 defeats the inclusion of ISL1-positive cells into the category of stem cells. ISL1-positive cells are not clonogenic; at most, they generate small abortive colonies in vitro. 52 They possess only a modest ability to divide and their functional import remains to be demonstrated. ISL1positive cells are restricted to the embryonic fetal heart and are no longer present at birth, 55 making claims as to the therapeutic application of these cells uncertain at best. In an effort to make ISL1-positive cells relevant to myocardial regeneration, lineage tracing studies were performed, 56 and the recognition that a few myocytes and vascular ECs and SMCs originated from ISL1-positive cardioblasts was emphasized despite the infrequency of this differentiation pathway.
Some additional comments are in order because the use of lineage tracing strategies employed in the characterization of ISL1-positive cells have been purported as the gold standard for the recognition of the key properties of stem cells. 49 This genetic approach has limitations that preclude its relevance to stem cell biology. In self-renewing organs, the recognition of a hierarchical organization of cell growth imposes the documentation of a linear relationship between the ancestor, ie, the stem cell, and its descendant, ie, the specialized progeny. Fate mapping strategies, based on fluorescent reporter genes, are commonly used to track the origin of cells and their destiny in animals in which genetic manipulations are easily introduced. This technology would represent the ideal retrospective assay for the detection of cell formation, because the expression of the fluorescent label can be placed under the control of promoters of genes coding for myocytes and vascular proteins. However, this protocol cannot be implemented in humans and, most importantly, it provides information at the level of cell populations that share the reporter gene but fails to demonstrate the self-renewal and multipotentiality of stem cells in vivo. It is impossible to determine by fate mapping whether stem cells divide asymmetrically, ie, self-renew, and whether the cell types of the tagged progeny derive from activation of an individual or several resident stem cells, ie, unipotency or multipotency ( Figure 5A ). Additionally, this approach does not identify quiescent stem cells, ie, the pool of long-term repopulating stem cells. 57 This objective only can be achieved by serial transplantation assay in vivo. 58 Similar problems exist after the adoptive transfer of a pool of stem cells. The formed structures do not provide direct confirmation of the multipotentiality of the delivered cells ( Figure 5B) . To obtain indisputable evidence in favor of the ability of human CSCs (hCSCs) to self-renew and create human parenchyma in vivo, single cell-derived clonal hCSCs ( Figure 5C ) were injected into the infarcted myocardium of immunosuppressed rats or immunodeficient mice. Clonal hCSCs divided symmetrically and asymmetrically ( Figure  5D ) and generated cardiomyocytes, coronary arterioles, and capillary profiles ( Figure 5E ). 23 The immunohistochemical identification of newly regenerated cardiac structures was strengthened by the recognition of human sex chromosomes and human transcripts of cardiomyocyte, and vascular EC and SMC genes ( Figure 5F, 5G) . The detection of the human X-chromosome in regenerated cardiomyocytes and coronary vessels represents strong evidence in favor of the ability of clonal hCSCs to form specialized mechanically competent cells, a critical determinant of ventricular performance and regional function ( Figure 5H ).
Together with serial transplantation, 58 viral gene-tagging remains the most accurate strategy for the analysis of the growth of adult stem cells. Retroviruses and lentiviruses integrate permanently in the genome of stem cells; the insertion site of the viral genome is inherited by the population derived from the parental cell and can be amplified by polymerase chain reaction. The detection of the sites of integration constitutes a unique approach for the documenta-tion of self-renewal, clonogenicity, and multipotentiality of stem cells in vivo. This methodology has been applied to the bone marrow 59 and the brain, 60 and recently has been utilized in our laboratory. 25 In the mouse heart injected with a lentivirus carrying EGFP, a common integration site was identified in isolated CSCs, cardiomyocytes, ECs, and fibroblasts, documenting CSC self-renewal and multipotentiality and the clonal origin of the differentiated cell populations ( Figure 6A ). By design, the number of infected CSCs was small because low titer and volume of viral suspension were administered to minimize tissue injury and prevent spreading of viral particles. At 2 to 4 days after lentiviral injection, 14Ϯ3.6 CSCs/10 mm 3 of myocardium carried the reporter gene. The expression of EGFP in CSCs clearly documented successful integration of the virus and protein production. In a manner comparable to mouse CSCs, hCSCs were transduced with the EGFP lentivirus and injected soon after coronary ligation in the region bordering the infarct; 25 4 to 6 weeks later, EGFP-positive cardiac cells were enzymatically dissociated and separated into c-kit-positive hCSCs, myocytes, ECs, and fibroblasts. Primers designed for individual integration sites were used to track each clone and its progeny. A total of 34 clones were identified in six independent experiments. DNA sequencing showed that each polymerase chain reaction product with a unique band length represented distinct clones. Some of the clonal bands present in hCSCs, myocytes, ECs, and fibroblasts had the same molecular weight and a common site of integration documenting a lineage relationship between hCSCs and cardiac cell progeny. Each random integration site represents a distinct clonal marker of the hCSC progeny that arose after cell transplantation ( Figure 6B) . Thus, hCSCs self-renew in vivo and generate the various cardiac cell phenotypes. Collectively, this work has demonstrated that the c-kit-positive CSC is the only undifferentiated cell, which is nested in niches and fulfills the criteria of stem cells.
Myocardial Progenitors
Because of the controversy, it is important to review the work on cardiac stem/progenitor cells and offer a logical perspective of this new biology, which may have unprecedented clinical implications. Different classes of progenitor cells have been characterized in the adult heart, but whether they represent distinct categories of undifferentiated cells with diverse functional import is currently unknown. A variety of surface antigens, transcription factors, and functional assays have been used to define these cell subsets (Figure 7) .
Side Population Cells
The first identification of myocardial progenitors was based on the ability of stem cells to expel toxic compounds and dyes through an ATP-binding cassette transporter. 61 This property, used initially to isolate side population hematopoietic cells, 62 Figure 6 . Clonal marking of mouse and human cardiac stem cells (CSCs) in vivo. A, A lentiviral vector carrying EGFP was injected in proximity of the atrial and apical niches in mice at 3 months of age. Four months later, EGFP-positive CSCs, endothelial cells (ECs), fibroblasts, and myocytes were sorted by FACS and the site of proviral integration was determined by polymerase chain reaction. In this example, four distinct clones were identified in CSCs, ECs, fibroblasts (Fbl), and myocytes (Myo) isolated from one mouse heart. Bands of the same molecular weight correspond to identical sites of integration of the viral sequence in the host genome. B, A similar approach was applied to the analysis of myocardial regeneration following injection of hCSCs. Various clones were detected in distinct cardiac cell populations from the regenerated myocardium of one treated rat. The sites of integration in isolated cell populations are listed. Some clones were common to different cell classes (same color arrowheads).
defines a pool of putative cardiac progenitors that form colonies in semisolid media and differentiate into cardiomyocytes. However, a depletion of side population cells occurs after infarction in mice overexpressing a dominant-negative MEF2C, documenting that side population cells are committed to the myocyte lineage. 61 Although CSCs were not detected, this work introduced the concept of a myocardial stem cell that participates in the response of the heart to ischemic injury.
The presence of ABC-transporter activity repeatedly has been tested by exposing cardiac cells to the DNA-binding dye Hoechst 33342; functionally competent cells clear the fluorochrome, become Hoechst-low, and occupy a side position in the FACS profile. 63 Side population cells comprise 2% of cardiac cells in the mouse and are Sca1 high , c-kit low , CD34 low , and CD45 low . The ability to extrude dyes is attributed to the expression of the multidrug resistance protein Abcg2, which, however, is found in a rare population of cells. Despite their high percentage and the presence of the vascular marker Sca1, lineage tracing assays indicate that Abcg2-positive cells do not include ECs. 64 Similarly, side population cells comprise 4%, 2% ,and 1.2% of cells in the fetal, neonatal, and adult rat heart, respectively. Bcrp1 was considered the molecular determinant of the side population phenotype; 65 however, most Bcrp1-positive cells express CD31 and are located within the intima of the vessel wall. CD31-negative Bcrp1-positive side population cells are also detected in the perivascular region and myocardial interstitium; they express CD29 and N-cadherin at the interface with myocytes and SMCs. After injury, side population cells generate predominantly vimentin-positive fibroblasts and calponin-positive SMCs; a small fraction of cells acquires the myocyte and EC lineage. 65 An atypical subset of side population cells forms clonal spheroids in vitro and resemble neural crest cells. They express markers of neural precursors, including nestin and Musashi-1; they form in vitro neuron-like dendrites and peripheral nerve cells. 66 These side population cells correspond to embryonic fetal remnants of neural crest-derived cells. Nestin-positive Musashi-1-positive side population cells give rise in vivo to neurons, glia, and SMCs; after transplantation into chick embryos, they form cardiomyocytes.
By introducing a novel protocol, an interesting class of cardiac side population cells was identified. 63, 67 This work documented for the first time to our knowledge that the side population cell phenotype is not regulated by a single ABC transporter. Side population cells express in a developmentally regulated manner the P-glycoproteins Abcg2 and Mdr1: Abcg2 is responsible for dye efflux during postnatal development, whereas in adulthood this function depends exclusively on Mdr1.
Importantly, only the Sca1-positive CD31-negative subset of cardiac side population cells is characterized by a high cardiomyogenic potential. These cells can acquire the molecular and functional characteristics of adult myocytes. 67 Abcg2 promotes proliferation and survival of side population cells inhibiting differentiation. Dysregulation of Abcg2 may alter the fate of these progenitors, resulting in uncontrolled cell growth or death. Bone marrow side population cells do not contribute to the maintenance of the cardiac side population cells in physiological conditions, but can repopulate the resident pool after injury (Figure 7 ).
Sca1 Cells
Different protocols have resulted in the isolation of unrelated Sca1-positive cells; they share the Sca1 antigen, but do not possess the functional properties of stem cells. Sca1 progenitors represent 2% of heart cells and 15% of the myocytedepleted fraction. 68 In culture, only 3% to 4% of Sca1positive cells display sarcomeric proteins, and the in vivo delivery of these cells leads to modest cardiomyogenesis by fusion with resident cells. 68 Immunoselection results in the isolation of a pool of murine Sca1-positive cells that constitute 0.3% of the myocyte compartment. 69 Coexpression of the pan-leukocyte marker CD45 and the hematopoietic/endothelial epitope CD34 characterizes 10% to 40% of the Sca1 cells. After exposure to oxytocin, Sca1-positive CD45-negative cells express cardiac transcription factors and contractile proteins organized in sarcomeric structures. 69 In permissive media, Sca1 cells differentiate into osteocytes and adipocytes. Thus, Sca1 identifies a heterogeneous cell population composed of hematopoietic, mesenchymal, endothelial, and, possibly, cardiac progenitor cells. Monolayered sheets of Sca1-positive cells placed over the necrotic myocardium prevent negative remodeling and improve cardiac function after infarction. 70 This has raised the possibility that cell transplantation acts through the release of humoral factors, activating endogenous CSCs or recruiting bone marrow cells to the infarcted myocardium. In addition, these cells generate SMCs, ECs, adipocytes, and osteoblasts (Figure 7) .
State of the art imaging protocols have been developed to track in vivo the destiny of Sca1-positive cells. 71 These cells were isolated from transgenic mice that constitutively express luciferase and EGFP, enabling in vivo tracking by noninva-sive imaging and postmortem identification by immunolabeling. 71 The robust bioluminescence signal at day 2 decays with time. By [18F]-FDG positron emission tomography scan, the nonviable infarcted portion of the wall was not reduced by cell treatment. Consistently, echocardiographic and MRI measurements did not show functional improvement; an extremely small number of EGFP-positive regenerated myocytes and vessels were found. Poor survival and rapid death of injected cells are common outcomes when neonatal cardiomyocytes, mesenchymal stromal cells, bone marrow mononuclear cells, and human embryonic stem cell-derived cardiomyocytes are adoptively transferred. 8 This phenomenon has prompted the development of novel strategies involving preactivation with growth factors, application of bioengineering methods, and genetic modifications to achieve long-term homing to the injured myocardium (Figure 7) .
Collectively, the results with cardiac side population cells and Sca1-positive cells suggest that a small pool of primitive cells, distinct from c-kit-positive CSCs, is present in the myocardium. However, their role in cardiac homeostasis has not been defined, and recent evidence strongly suggests that myocyte turnover is almost exclusively regulated by c-kitpositive CSCs. 25, 26 Additionally, the extent of myocardial regeneration promoted by the delivery of c-kit-positive CSCs is vastly superior to that associated with the administration of these classes of cardiac progenitors.
Epicardial Progenitors
An alternative source of progenitor cells has been identified in the epicardium, which represents an epithelial sheet on the cardiac surface. The epicardium derives from an extracardiac transient structure, the proepicardium, which is located near the venous pole of the developing heart. 72 In avian species, the proepicardium is viewed as the site of origin of hemangioblasts, a pool of immature cells that are considered critical for the development of the coronary circulation. Hemangioblasts migrate from the proepicardium to the avascular heart tube, giving rise first to the epicardial sheet and subsequently to the endothelial and smooth muscle layers of coronary vessels.
Proepicardial cells may not contribute directly to cardiomyogenesis in birds but favor the expansion of myogenic precursors through a paracrine mechanism. 73 In mammals, the identification of an equivalent hemangioblast remains controversial, 74 although a murine hemangioblast has been claimed by in vitro studies of embryonic stem cell differentiation. Cells expressing brachyury and flk1 generate hematopoietic, vascular cells, and, later, myocytes, ECs, and SMCs. 75 Whether brachyury-flk1-positive cells exist in vivo, however, is unknown.
The embryonic fetal epicardium hosts several classes of progenitor cells, uncovering previously unexpected functions of this outer cardiac layer (Figure 7) . The epicardial marker WT1 regulates the epithelial-mesenchymal transition. 76 WT1-positive progenitors travel from the proepicardium to the myocardium where they form the epicardium and electrically coupled cardiomyocytes. 77 Moreover, a population of proepicardial Tbx18-positive progenitors may give rise to a substantial fraction of cardiomyocytes. 78 A pool of c-kit-positive epicardial cells has been identified in the human heart. These cells accumulate in the subepicardial space with ischemic cardiomyopathy. 79 Experimentally, c-kit-positive epicardial cells migrate from the epicardium to the infarct, where they proliferate and differentiate into myocyte precursors and vascular cells. 80 This process is coupled with upregulation of fetal epicardial markers. 81 The recognition of growth factors modulating the behavior of epicardial progenitors may allow their in situ activation, possibly influencing the treatment of the human disease.
Cardiospheres
The expansion of progenitor cells in nonadhesive substrates leads to the formation of floating spheres. This peculiar form of anchorage-independent growth has been used for the expansion of cardiospheres from endomyocardial biopsy specimens. 82 Cardiospheres contain a core of c-kit-positive primitive cells, several layers of differentiating cells expressing myocyte proteins and connexin 43, and an outer sheet composed of mesenchymal stromal cells (Figure 7 ). C-kitpositive cells within the aggregates do not correspond to a uniform class of progenitors because of the heterogeneity dictated by the uncommitted or early committed state of the cells, their quiescent or cycling condition, or their migratory properties. This may explain the observed differences in the regenerative potential of single-cell-derived clonal c-kit-positive cells 23 and c-kit-positive cells sorted from cardiospheres. 83 The presence of connexin 43 between more immature and differentiated cells may play a dual role. Connexin 43 in undifferentiated progenitors favors their proliferation, whereas connexin 43 in cells committed to the myocyte phenotype promotes electric coupling with the surrounding cells and the acquisition of functional competence. The presence of gap junctions between uncommitted and differentiated cells within the cardiospheres raises the possibility that the differentiated cells may function as supporting cells. If this were the case, then the cardiospheres would reconstitute in vitro the complex structure of the cardiac niches identified in vivo. 26 Cardiospheres may represent the ideal combination of primitive and early committed cells, but whether the utilization of cells already committed to the myocyte, EC, and SMC lineages is preferable to the use of a pure population of undifferentiated hCSCs is unknown. Clonal cells have a larger growth reserve but may need more time to acquire the differentiated state. Conversely, committed cells may have a reduced proliferative capacity but may attain more rapidly the adult phenotype.
Myocyte Turnover
The extent of myocyte renewal claimed by different laboratories varies dramatically. A recent study, based on retrospective [ 14 C] birth dating of cardiac cells, has suggested that approximately 1% and approximately 0.45% replacement of myocytes occurs annually in the adult human heart at 25 and 75 years of age, respectively. 28 If this were the case, then only 50% of myocytes would be renewed during the entire lifespan of the myocardium, whereas an equal number would live as long as the organ and organism. Again, the magnitude of ongoing myocyte death occurring with physiological aging and the inescapable balance between cell death and cell regeneration required for tissue homeostasis were not taken into account, and a number of severe methodological problems were not adequately considered. 29, 30, 43, 44, 64 Myocyte apoptosis in the normal adult human heart involves at least 10/10 6 cells. 31, 32 Because apoptosis lasts at most 4 hours, 84 0.006% myocytes are lost per day. This accounts for a decrease of 2.2% myocytes per year. Importantly, myocyte apoptosis increases linearly with age in women and men, 85 so that over a period of 30 years, from 30 to 60 years of age, 85% of the original left ventricular cardiomyocytes are lost as a result of physiological wear and tear of the organ ( Figure  8A ). Moreover, myocyte apoptosis increases 240-fold or more with cardiac pathology, 31, 32 and diseased hearts were included in the study on [ 14 C] birth dating of cells. This level of cell death does not include cell necrosis and myocyte loss associated with interstitial and replacement fibrosis, invariably found in the old heart. 7 This recently has been confirmed by detection of cardiac troponin T in the circulation of apparently healthy individuals. 33 Thus, levels of cell regeneration significantly higher than those purported by [ 14 C] dating of cardiac cells have to occur in the adult human heart for preservation of the organ.
Problems with the separation of cardiomyocyte and noncardiomyocyte nuclei, the inappropriate implementation of a mathematical model that does not reflect current understanding of myocardial biology, the arbitrary interpretation of the [ 14 C] data, and the insufficient sample size for the analysis of cardiac aging are formidable methodological obstacles to the interpretation of the results of Bergmann et al. 28 The modest degree of myocyte renewal claimed by [ 14 C] birth dating is in contrast with evaluations of myocyte regeneration obtained in our laboratory. 8, 85, 86 Cardiomyocyte aging involves alterations in nuclear pore complexes 86 with translocation to the nucleus of proteins, which are physiologically restricted to the cytoplasm ( Figure  8B-8E) . Therefore, in the Bergmann study, 28 the use of troponin I expression for the isolation of myocyte nuclei was incorrect. This inappropriate nuclear sampling was confounded further by the use of a mathematical model with assumptions that negatively influenced the computed values. The number of myocytes in the heart and their rate of turnover were considered constant. This model of invariant organ growth defines parenchyma in a steady-state in which cell death is compensated by cell regeneration in young healthy individuals. This can hardly be applied to the biology of myocardial aging, hypertension, and acute and chronic myocardial infarction. Three of the 12 patients were 62, 67, and 73 years old. Another had untreated hypertension, two had myocardial infarction, and five had cardiac hypertrophy. The number of cardiomyocytes was postulated to be established at birth and to remain constant throughout life; however, myocytes are formed postnatally 86 and the decrease in myocyte number with age is well-known. 7 The [ 14 C] results obtained from myocardial samples of individuals born before nuclear bomb testing were assigned without clear rationale to cross the ascending limb of the bell-shaped curve of [ 14 C] in the atmosphere. It was also unclear why [ 14 C] levels were interpreted differently in young (19 -42 years) and old (50 -73 years) hearts to draw an exponential curve that indicated a progressive decline in cell renewal with age. 28 There is no gradual decrease in the rate of myocyte turnover, but rather two distinct sets of data for young and old individuals. The runs test, used to evaluate the goodness of the fit, indicates a significant deviation (PϽ0.0001) from the exponential decay model used. The failure to measure [ 14 C] content of nonmyocytes directly and the unrealistically high myocyte fraction varying from 29% to 60% of the cardiac cell pool, although accounting for approximately 20% to 25% of the cells, 87 emphasize the nonspecificity of the nuclear marker used to sort myocytes. To fit the model, three of six subjects born after the [ 14 C] peak required nonmyocytes to possess impossible [ 14 C] signatures from before the bomb pulse. Also, the subject born before the bomb pulse required nonmyocyte DNA from 1000 A.D., depleted by radioactive decay, to fit the model ( Figure 8F ). It is highly risky to study aging using a sample of 12 hearts only, divide them in two age groups, and calculating myocyte turnover on arbitrary decisions.
In contrast to the [ 14 C] study in which only 12 pathological hearts were examined, we have analyzed 74 normal human hearts from 19 to 104 years of age and documented that myocyte turnover in the female heart occurs at a rate of 10%, 14%, and 40% per year at 20, 60, and 100 years of age, respectively. 85 Corresponding values in the male heart are 7%, 12%, and 32% per year, demonstrating that cardiomyogenesis involves a large and progressively increasing number of cells with aging. From 20 to 100 years of age, the myocyte compartment is replaced 15 times in women and 11 times in men ( Figure 8G ). Myocyte regeneration increases with age, and the age of myocytes does not coincide with the age of the organ and organism. In the senescent heart, a large proportion of myocytes is approximately 5 years old or younger; the older the heart, the younger is its myocyte compartment. There is no basis for the contention that 50% of cardiomyocytes are not replaced during the entire lifespan in humans, suggesting that 50% of parenchymal cells survive and retain their function for more than 100 years. 28 This static view of the heart has been disputed by offering a highly dynamic perspective of myocardial biology and aging. 85
Why Is the Heart Failing if CSCs
Are Present?
The identification of hCSCs has raised questions concerning their role in restoring spontaneously damaged myocardium. The presence of hCSCs is at variance with the small foci of tissue regeneration detected after acute and chronic myocardial infarction or pressure overload hypertrophy. 8, 88, 89 The inevitable evolution of ischemic injury is myocardial scarring with loss of mass and contractile function. In fact, the extent of spontaneous cardiac repair after infarction is minimal; the prevailing regenerative response is restricted to the spared noninfarcted tissue, 90 and the evolving scar conditions nega-tive remodeling. [12] [13] [14] Similarly, spontaneous myocyte regeneration does not compensate for the loss of myocytes in the chronically pressure overloaded heart, preventing ventricular decompensation. 88 Spontaneous cardiac repair may delay, but does not avoid or reverse, the progression of heart failure. The limitation that resident hCSCs have in reconstituting cardiomyocytes after infarction has been interpreted as the unequivocal documentation of the lack of regeneration ability of the adult myocardium, leading to the conclusion that the heart is a terminally differentiated postmitotic organ. 87 A possible explanation for this apparent inconsistency has been obtained in animal models 91 and in humans ( Figure 8H ). Stem cells are present throughout the infarcted myocardium and die by apoptosis and necrosis. The fate of hCSCs is comparable to that of the other cells.
It might come as a surprise, but a similar phenomenon occurs in other self-renewing organs, including the skin, liver, intestine, and kidney. In all cases, occlusion of a supplying artery leads to scar formation mimicking cardiac pathology. [92] [93] [94] [95] In the presence of polyarteritis nodosa and vasculitis, microinfarcts develop in the intestine and skin and resident stem cells do not repair the damaged organs. [92] [93] [94] In nonsolid organs, infarcts of the bone marrow are seen with sickle cell anemia. 96, 97 The stem cell compartment modulates growth during postnatal development and regulates homeostasis in adulthood but does not respond effectively to ischemic injury or to aging of the organ and organism late in life.
Failure of the heart to adapt to pathological loads may reflect the lack of translation of mechanical signals from the organ to hCSC niches or the demand for regeneration of SMCs, ECs, and myocytes is so high that myocardial niches become depleted of hCSCs. The latter possibility may result in the formation of empty dysfunctional niches or niches in which resident hCSCs have reached irreversible growth arrest and cellular senescence ( Figure 8I ). Depletion of functional hCSCs may severely decrease the generation of vascular cells and cardiomyocytes, resulting in excessive myocyte hypertrophy and impaired coronary perfusion. Whether delivery of functionally competent hCSCs repopulates empty niches, regenerates the scarred myocardium, reverses the cardiac phenotype, and rescues the failing heart remains the major challenge of stem cell therapy.
History of Heart Failure
In the past 50 years, the history of heart failure can be divided in three parts. In the 1960s and 1970s, important discoveries were made concerning the alterations in myocardial contractility of the hypertrophied failing heart. 98 -100 The recognition that defects in myocyte shortening and maximal velocity of shortening characteristically occur in hypertrophied cardiomyocytes promoted excitement in the scientific community and formed the basis of the effort conducted for the identification of the molecular control of myocyte mechanics, calcium metabolism, and regulatory protein function. However, attempts made to enhance the performance of the compromised heart have been successful in improving transiently hemodynamics but have failed in definitively treating the disease and, most importantly, in prolonging life in this patient population. 101 It then became apparent that alterations in coronary blood flow dictated by an imbalance between oxygen supply and demand may constitute the determinant of the transition from nonpathological to pathological cardiac hypertrophy and heart failure. In the late 1970s and 1980s, a remarkable amount of highly sophisticated work was generated to determine the control of cerebral blood flow and coronary vascular resistance in the normal and overloaded heart. 102, 103 Additionally, meticulous protocols were developed to measure the fundamental structural parameters of the coronary microcirculation regulating oxygen availability and diffusion. 1 Understanding the physiology of the coronary circulation, endothelial cell function and its impact on the modulation of blood flow have been advanced significantly, but this extraordinary work has dramatically failed in the search for the etiology and treatment of heart failure.
These rather disappointing results imposed a drastic change in direction of cardiovascular research. The incidence of heart failure was increasing at an unanticipated speed emphasizing the need for novel strategies aiming at the identification of the cause of this devastating disease. In the past 25 to 30 years, molecular cardiology has professed that defects in the behavior of one or several genes are translated into abnormalities in myocyte growth or function being critical determinants of ventricular decompensation. Based on this premise, the description of the role that different classes of genes have in cardiac development has been considered important in understanding the bases of heart failure in the adult organ. A variety of transgenic mice have been generated to define unequivocally the function that individual genes and gene products have in the response of the heart during embryonic, fetal, and postnatal life, or after pressure overload and ischemic myocardial injury. Major advances have been made in terms of the recognition of the factors responsible for the translation of mechanical signals on the cell surface, or within the cell, into biochemical events and myocyte hypertrophy. Similarly, the molecular correlates of myocyte performance and the molecular alterations that result in the depression of myocyte contractility in the stressed heart have been well-characterized.
This brilliant work, however, has been based completely on the assumption that the heart is a terminally differentiated postmitotic organ, 11, 29, 30, 39, 44, 46, 49, 87, 104 a premise that is no longer valid. The discovery that stem cells reside in the heart and differentiate into cardiomyocytes and vascular ECs and SMCs imposes a redefinition of cardiac biology and a critical reinterpretation of the contribution made by the field of molecular cardiology. The recognition that the heart is a self-renewing organ partly questions the relevance of this research and the analysis of the molecular signature of pathological cardiac hypertrophy and failure. The description of multiple signaling mechanisms has been restricted to the adaptation of the terminally differentiated postmitotic myocyte rather than to the identification of effector pathways that regulate growth and commitment of the controlling cell, ie, the cardiac stem cell. A variety of genes are activated or repressed in a large number of animal models of cardiac hypertrophy and failure, but whether these perturbations represent primary or secondary events in the process and have important implications for the human disease remains uncertain.
Currently, experimental observations point to cell therapy as a promising strategy that might interfere with the vicious cycle created by ischemic myocardial injury and the subsequent severe alterations in ventricular remodeling and myocardial loading. 21-23,40 -42,45,91,105,106 Similar positive effects have been observed in the decompensated senescent heart. 34, 107 In both cases, the repair process attenuates ventricular dilation, increases the thickness of the wall, and improves cardiac performance. CSCs are effective whether administered intramyocardially, 21, 23, 105 via the coronary route, 108 or activated in situ with hepatocyte growth factor and insulin-like growth factor, which trigger their growth and mobilization soon after an ischemic event 22, 91 and chronically at the completion of healing. 105 CSCs migrate through the myocardial interstitium, reaching areas of necrotic and scarred myocardium where they home, divide, and differentiate into myocytes and vascular structures. The invasion of the scarred tissue by CSCs appeared to be mediated by enhanced activity of matrix metalloproteinase-9 and possibly matrix metalloproteinase-14. 105 Matrix metalloproteinase-9 is critical for the recruitment of bone marrow stem cells and their mobilization from quiescent to proliferative niches; 109 a similar mechanism may be operative in the translocation to the chronically infarcted heart of growth-factor activated resident CSCs or delivered CSCs. The upregulation of matrix metalloproteinase-9 expression and activity in CSCs is dependent on HGF. 105 Additionally, SDF-1, which is highly expressed in myocytes and ECs after ischemic injury, acts on matrix metalloproteinase-9 and promotes the differentiation of CSCs into vascular cells and myocytes. 110 
Conclusions
In summary, this review has emphasized the notion that despite the tremendous progress made in the past three decades on the understanding of the molecular mechanisms regulating myocyte hypertrophy, the intermediate effector pathways responsible for pathological hypertrophy and its progression to overt failure remain unknown. Cavitary dilation and wall thinning are major determinants of the abnormal increase in ventricular loading of the decompensated heart; however, the signals involved in the disproportionate increase in length of cardiomyocytes with respect to cell diameter have not been identified as yet. Cell death and tissue scarring aggravates further negative ventricular remodeling, generating additional load on the spared myocytes. Myocyte regeneration, mediated by differentiation of resident hCSCs, counteracts, in part, the detrimental effects of myocyte hypertrophy and death but cannot prevent the evolution of the disease.
Myocyte formation and death affect the heart in an unpredictable manner, and the peak of cell death may not necessarily reflect the peak of myocyte regeneration. Available data suggest that myocyte formation declines with time and cell death exceeds cell growth in end-stage failure. 31, 32, 89, 90 The dramatic reality is that the number of cardiomyocytes may be restored or even increased, 111, 112 but this growth response does not normalize the workload or correct the alterations in anatomy and function of the failing heart.
From a clinical perspective, hCSCs appear to represent an ideal candidate for cardiac repair in patients with CHF in which discrete areas of damage are present in combination with multiple foci of replacement fibrosis across the ventricular wall. The hCSCs can be isolated from endomyocardial biopsy 113 or surgical samples 23 and, after their expansion in vitro, administered to patients avoiding the inevitable and threatening adverse effects of rejection and other complications with nonautologous transplantation. Alternatively, growth factors may be delivered locally to stimulate resident hCSCs and promote myocardial regeneration. These strategies may be repeated to reduce further myocardial scarring and expand the working myocardium.
